Cellulases and xylanases can degrade biomass into simple sugars, which can, in turn, be transformed into fuels by microorganisms; thus, they have had an important industrial role due to their interaction with biomass. Mostly, the cellulases have been studied in microorganisms, but in recent years, the endogenous cellulases of animals, including white termites [1] , nematodes [2] , and beetles [3] , have been identified and studied. The animal cellulases mostly belong to glycosyl hydrolase family 9 [4, 5] , while others belong to family 45 [6, 7] . These enzymes are all endo-β-1,4-glucanase. As part of these studies, our laboratory isolated and identified several cellulases, such as EG65, EG27 and EGX, in the mollusk Ampullaria crossean [8] [9] [10] [11] . EGX is an important cellulase not only because it had active endo-β-1,4-glucanase (EC 3.2.1.4) and endo-β-1,4-xylanase (EC 3.2.1.8), but also because it was the first xylanase discovered in animals. The EGX previously purified from A. crossean was a catalytic domain with a molecular weight of 41 kDa [9−14] . With a complementary DNA (cDNA) library constructed from the stomach tissues of A. crossean, EXG's full-length cDNA was identified and heterogeneously expressed in insect cells. This full-length version of this enzyme was named as EGXA to distinguish it from the truncated version of EGX. Recombinant EGXA can be secreted efficiently in insect Tn5 cells with its own signal peptide. The enzymatic characters and properties of recombinant EGXA were also studied and compared with the 41 kDa catalytic domain of EGX in parallel. The EGXA had an Nterminal cellulose-binding domain, which increased its binding efficiency on cellulose and xylan.
In this article on the EGXA of A. crossean, the additional functions of the binding domain were studied. We found that this binding domain not only increased the stability of this enzyme, but it also changed the importance of its specific activities on different substrates. The cellulosebinding domains existed in most cellulases, and they helped the cellulase bind to the cellulose during the hydrolyzing of substrate [12] .
This supports the findings of one of our previously published papers, in which we reported that the cellulosebinding domain interacts with the catalytic domain in an endo-β-1,4-glucanase from Bacillus sp., making it more stable [13] . The findings on the functions of the cellulosebinding domain from this study may be helpful in improving the engineering of cellulases.
Materials and Methods

Construction of the recombinant vectors
The full-length EGXA was cloned from A. crossean, and its sequence was deposited in the NCBI database (GenBank accession No. FJ183727). The primers PEGX A-F (5′-CGCGAATTCATGCAAACGTTG-ATTGCATGGG-3′) and PEGX-R (5′-CGCGAATTCTT-AATGATGATGATGATGATGGCTAACATTAATGTT-GACGGTGTGGG-3′) were used to amplify the full-length EGXA. The polymerase chain reaction (PCR) product was then digested with EcoRI. The pFastBac (Invitrogen, Carlsbad, USA) plasmid was also digested with EcoRI, and then treated with calf intestinal alkaline phosphatase (Takara, Tokyo, Japan) for the further ligation with the insert. The positive clone was selected by PCR and was confirmed by DNA sequencing from the constructed recombinant plasmids. A His6 tag was included in the primer of PEGX-R (the underlined nucleotides sequence in PEGX-R), while the original signal EGXA peptide was included into the final pFastBac-egxa construct. The pFastBac-exga was then transformed into the bacmidcontaining Escherichia coli DH10Bac cells to obtain the recombinant bacmid by transposition. The positive clone was confirmed by PCR and DNA sequencing.
Heterogeneous expression and purification
The transfection and enrichment of baculovirus in insect cells were carried out with the Bac-to-Bac transfection kit (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions. Mid-phase exponential Tn5 cells (approximately 1~2×10 7 cells) that were previously cultured in 75 mm flasks with 10 ml SMF 900-II medium containing 1% fetal bovine serum (V/V) at 27 ºC were transfected with recombinant baculovirus and incubated at 27 ºC. During the incubation, xylanase activity in the supernatant of transfected cells was examined, and the supernatant was collected by centrifugation at 13,000 g. The purification of recombinant protein was carried out with Ni-NTA Resin (Qiagen, Valencia, USA). The supernatant was adjusted to pH 7.5 and loaded onto the Ni-NTA resin column. The column was then washed with 10 column volumes of buffer A [20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10 mM imidazole]. Then, the His6-tagged EGXA was eluted with six column volumes of buffer B [20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 200 mM imidazole, 0.5 mM phenylmethylsulphonyl fluoride] at a flow rate of 1 ml/min. Fractions with xylanase activity were collected and concentrated with a Microsep centrifugal device (Pall Life Sciences, Ann Arbor, USA). The high concentration of imidazole was removed by the repeated concentration and dilution procedures. The purified recombinant EGXA was analyzed by sodium dodecyl-polyacrylamide gel electrophoresis.
Fresh A. crossean was collected from Xiamen, China. The 41-kDa catalytic domain of EGX was purified from the stomach tissues of A. crossean [14] . This tissue-derived enzyme (wtEGX) was used as a comparison to recombinant EGXA (rtEGXA).
Enzyme activity assays
Xylan, p-nitrophenyl-β-D-cellobioside (pNPC), and sodium carboxymethyl cellulose (CMC-Na) were used as substrates for the enzyme activity assays [14, 15] . One unit of activity was defined as the amount of enzyme liberating 1 μmol of product per minute under the assay conditions [16] . Endo-β-1,4-glucanase and endo-β-1,4-xylanase activities were assayed by incubating the enzyme in sodium acetate buffer (with 100 mM NaCl, pH 4.8) containing 1% (W/V) CMC-Na or xylan, and the activity was determined by measuring the reducing sugar released using the 3,5-dinitrosalicylic acid reagent method. The pNPCase activity was determined by incubating the enzyme in acetate buffer (with 100 mM NaCl, pH 5.2) containing 1.94 mM pNPC. Enzyme activity was determined using a spectrophotometer at 410 nm to measure the amount of pNP released in the reaction with spectrophotometer at 410 nm [18] .
To get the optimum temperature of the recombinant EGXA, purified enzyme was assayed with different substrates at various temperatures ranging from 25 ºC to 65 ºC. For the optimum pH, the activity was assayed in a range of pH 3.0~12.0 at 45 ºC.
To study the stability of EGXA or EGX, the enzyme in acetate buffer (pH 4.8) was concentrated and desalted to first get rid of Cl − . The stock solution of 1 M NaCl was then used to adjust the final concentration of Cl − . After these treatments, the enzymes were incubated at 45 ºC, and samples were taken at various time intervals. The xylanase activity or CMCase activity was assayed to determine the amount of residual enzyme. Specifically, the enzymes were incubated at various concentration of NaCl, but were assayed in the buffer with 100 mM NaCl.
Binding assays on insoluble cellulose
The mixtures of cellulose and the enzyme or xylan and the enzyme were incubated at 4 ºC. Liquor samples were taken from the supernatant of the mixture, and the protein concentrations were then measured using the Bradford method for quantifying the residual enzyme in the supernatant.
Results
Structure of the full-length EGXA The full-length EGXA contained two domains: one cellulose-binding domain at the N-terminal and one catalytic domain at the C-terminal. The cellulose-binding domain was also part of a cellulose-binding module, specifically the cellulose-binding domain of EGXA belonged to the cellulose-binding module_4_9 superfamily (pfam02018, NCBI conserved domain database), whilethe catalytic domain belonged to glycosyl hydrolase family 10 (pfm00331, NCBI conserved domain database).
In our previous work, the N-terminal of EGX purified from tissue was sequenced with Edman degradation method [9] . The amino acids sequence of the wtEGX was NH2-Ala-Ala-Gly-Ala-Gly-Val-Thr-Ser-Glu-Ile, which corresponded to the full-length enzyme's position of 170 to 179. Therefore, the amino acids upstream of positions 170-179 should provide the link between the cellulosebinding domain and the catalytic domain. Using SignalP software (http://www.cbs.dtu.dk/services/SignalP/), the N-terminal sequence of the EGXA was shown to be a typical signal peptide. Because the A. crossean is a mollusk, we predicted that this signal peptide would also work in Tn5 insect cell lines. In our experiments, the recombinant EGXA from Tn5 cells (rtEGXA) was efficiently secreted into the supernatant of culture medium (Fig. 1) . After the purification from the supernatant with Ni-NTA resin, the rtEGXA was analyzed by sodium dodecyl-polyacrylamide gel electrophoresis; it was electrophoretically homogenous, thus revealing a single 63 kDa band (Fig. 1) . The 41-kDa catalytic domain of EGX was also purified from the stomach of A. crossean. This tissue-derived enzyme, wtEGX, was used for comparison with rtEGXA. of rtEGXA and wtEGX are summarized in Table 1 .
Characterization of recombinant EGXA
The rtEGXA had higher specific activity on xylan (391.8 U/mg) than wtEGX (275.0 U/mg). On the substrates of pNPC and CMC-Na, the specific activities of rtEGXA (0.9 U/mg and 7.5 U/mg, respectively) were both lower than wtEGX (40.3 U/mg and 12.5 U/mg, respectively). The xylan was not a soluble substrate, but the pNPC and CMC-Na were soluble in buffers.
Binding assays with cellulose or xylan
By comparing the amino acids sequences of EGXA with other cellulases, we discovered that rtEGXA has two conserved domains: a cellulose-binding domain in the Nterminal and a catalytic domain in the C-terminal. However, wtEGX lacked the cellulose-binding domain, making it only a 41 kDa band on sodium dodecyl-polyacrylamide gel electrophoresis [9] . This confirms the amino acid sequencing of wtEGX from our previous report [14] . Binding assays were carried out on the insoluble xylan or cellulose, sigmacell (it should be pointed out that the xylan is slightly soluble in buffers). As shown in Fig. 2 , rtEGXA with a cellulose-binding domain bound to the cellulose with higher affinity than the wtEGX, which lacked the cellulose-binding domain.
Thermal stability of recombinant EGXA
The optimum temperature and pH conditions of rtEGXA's activities were explored at various conditions with three substrates (Fig. 3) . On the xylan substrate, rtEGXA showed the highest activity at 45 ºC and pH 6.0. These results were similar to our previous data on wtEGX [9] . The activity of rtEGXA also depended on the concentration of Cl − . When the enzyme assays were performed at 45 ºC in a Cl − -free system, the specific activities of rtEGXA were very low.
Next, we performed the thermal stability assay to compare whether there was difference between the cellulose-binding domain-containing rtEGXA and the cellulose-binding domain-lacking wtEGX (Fig. 4) . The thermal stability experiment performed at 45 ºC showed that the rtEGXA and wtEGX lost activity quickly when Cl − was at a low concentration. However, in the presence of 50 mM Cl − , the rtEGXA's activity loss was only 15% 
Discussion
The baculovirus/insect cell heterogeneous expression system is a good choice to examine the heterogeneous expression of eukaryotic proteins. In our studiy, the EGXA's natural signal peptide worked well in the Tn5 cell line, and the recombinant EGXA could be purified directly from the culture medium. We studied wtEGX in our laboratory previously and found it was only a catalytic domain of 41 kDa [14] . We tried to express the catalytic domain separately, but its activities were not observed in all the heterogeneous expression systems, including Escherichia coli, Pichia pastoris and insect cells. Only the full-length EGXA with cellulose-binding domain were well expressed. This hinted at the importance of the cellulose-binding domain of EGXA. When we got the full-length version of rtEGXA in insect Tn5 cell lines, parallel comparisons were performed to find the differences between the rtEGXA and wtEGX. Our study showed that the specific activities of rtEGXA and wtEGX on same substrate were different ( Table 1) . It is understandable that the rtEGXA had higher specific activity on xylan than the wtEGX, as the former has the cellulose-binding domain that helps it bind to the insoluble xylan more efficiently (Fig. 2) . First discovered in a bacterial endo-β-1,4-glucanase, the function of cellulose-binding domain for increasing thermal stability of cellulase was confirmed in this mollusk xylanase (Fig. 4) [13] . However, the decreased specific activities (45-fold) of rtEGXA on the soluble substrates of pNPC and CMC-Na made this question complex ( Table 1) . Although there might be some differences between rtEGXA and wtEGX in post-translational modification, such as the glycosylation, the process should be somewhat alike considering that the insect and mollusk have evolved similarly. Combining concrete evidence on the effect of stability from our previous work on the cellulose-binding domain of microbial cellulase [13] , we propose that the cellulose-binding domain not only increased rtEGXA's thermal stability and specific activity on xylan, but it also participated in the shifts of rtEGXA's specific activities on soluble substrates, pNPC and CMCNa.
Currently, research on cellulases is becoming more important because the enzymatic hydrolysis of biomass to sugars may be valuable to industry [17, 18] . The EGXA's xylanase-specific activity is higher than in most cellulases found previously (http://www.brenda-enzymes.info). This means that EGXA would be a potential candidate for enzymatic engineering to improve its properties for the use in industry. This understanding of the cellulose-binding domain's function is important, because if it were common to other cellulases, it would be helpful in improving the engineering of other cellulases. In the future, we plan to perform structural studies with purified rtEGXA from insect Tn5 cells in order to explain how the cellulose-binding domain affects its catalytic domain. 
